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Abstract

Background: In neonatal patients with necrotizing enterocolitis (NEC) the inflammatory response is mediated by

a plurality of different proteins. The proteins olfactomedin 4 (OLFM4) and lysozyme (LYZ) are part of the intestinal
mucosal defense and especially OLFM4 has rarely been evaluated in neonatal gastrointestinal diseases. The aim of
this study was to analyze whether expression levels of both proteins of innate immunity, OLFM4 and lysozyme, were
increased during NEC in neonates.

Methods: Intestinal tissues of patients with NEC were examined with immunohistochemical staining of formalin-
fixed and paraffin-embedded sections of resected tissue using antibodies against OLFM4 and lysozyme. Staining-
positive tissues were semi-quantitatively scored from 0 (no staining), 1 (weak staining), 2 (moderate staining) to 3
(highly intense staining) by two individual investigators. Intestinal tissue of infants with volvulus was used as a control
as other intestinal tissue without major inflammation was not available.

Results: Both applied antibodies against OLFM4 showed different staining patterns with higher staining intensity
of the antibody OLFM4 (D1E4M). OLFM4 (median score of the antibody OLFM4 (D1E4M): 3.0) and lysozyme (median
score: 3.0) are highly expressed in intestinal and immune cells during NEC. Expression of OLFM4 and lysozyme in the
control samples with volvulus was observable but significantly lower (median score of the antibody OLFM4 (D1E4M):
1.25; median score of the antibody against LYZ: 2.0; p =0.033 and p =0.037, respectively).

Conclusions: Both proteins, OLFM4 and lysozyme, may play a role in the pathogenesis of NEC in neonatal patients,
but the exact mechanisms of OLFM4 and lysozyme function and their role in immunological responses have not yet
been resolved in detail. These observations add new insights as basis for further large-scale population research.
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Background

Necrotizing enterocolitis (NEC) is a severe and life-
threatening complication in the treatment of preterm
infants [1]. It can also be diagnosed in term infants,
especially with concomitant diseases such as congenital
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cardiac malformations [2]. It is characterized by an intes-
tinal inflammation, which is conservatively treatable
in the majority of patients. Severe cases are observable
with a systemic inflammatory response with the need of
intensive care medicine including mechanical ventila-
tion, catecholamine therapy and broad antibiotic treat-
ment. The massive inflammatory response is mediated
by a plurality of different proteins as part of the intestinal
innate immune system (see Fig. 1) [3]. For single proteins,
such as e.g., DMBT]1, the essential role in gastrointestinal
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Fig. 1 The pathogenesis of NEC. NEC triggers an intestinal inflammation. Only a small portion of patients shows a severe NEC (Bell lll) with surgical
indication. In these cases, intestinal necrosis demands an emergency surgery as in all patients with volvulus

diseases with a severe systemic inflammatory response
has been examined [4]. Exact mechanisms, however,
seem to be different. Further two of these proteins, olfac-
tomedin 4 (OLFM4) and lysozyme (LYZ) are of major
interest in the presented study.

OLEM4 is expressed under physiological conditions
especially in the small intestine, colon, and prostate. It
also moderately occurs in the stomach and bone marrow
[5]. OLFM4 is found in macrophages, and mature human
neutrophils express OLFM4 within the specific granules
[6]. Its central function is determined in the mucosal
defense of the stomach, small intestine and colon [7]
and plays an important role in the innate immunity
against bacterial infections [8]. The influence of OLFM4
was confirmed by experiments with OLFM4 deficient
mice, showing a severe inflammation and proliferation
in intestinal crypts of the small intestine and additional
mucosal damage in the colon [9]. It is centrally discussed
in pathogenesis of inflammatory bowel diseases (IBD),
in which OLFM4 mRNA and protein expression levels
are significantly increased in the intestinal epithelium
[7, 10]. This upregulation may serve as a marker of the
intestinal inflammation in IBD [8]. Most recently, TNF-a
promoted OLFM4 secretion by human intestinal epithe-
lium cells and cytoplasmic accumulation of OLFM4 in
intestinal epithelium cells was observed to be promoted
by Notch and TNF-a signaling, confirming a cell protec-
tive role in the inflamed mucosa of IBD patients [11]. It

is additionally discussed as a robust stem cell marker for
humans [12]. However, the exact regulatory mechanisms
within these inflammatory conditions remain elusive and
are controversially discussed [11]. In general, OLFM4
expression is highly increased during inflammatory dis-
eases, such as sepsis, sepsis-induced acute respiratory
distress syndrome, and respiratory syncytial virus infec-
tion [13-15]. In summary, OLFM4 binds to various
proteins in inflammation signaling pathways and has an
essential role in the innate immunity against bacterial
infections, gastrointestinal inflammation, and cancer [8].

LYZ is a protein with antimicrobial and immune modu-
lating characteristics. Its central role in the innate immu-
nity has been proven [16]. It can be detected in different
hematological cell types (macrophages, neutrophils, den-
dritic cells), and in the liver as well as in different secre-
tions (saliva, urine, tears) and at mucosal surfaces. In
parallel to OLMF4, LYZ influences a pro-inflammatory
response and the resolution of inflammation at mucosal
sites [16]. Within the first mentioned function, LYZ can
hydrolyze cell wall peptidoglycan in bacteria, leading
to bacterial destruction, which thereby activates pat-
tern recognition receptors in host cells. In contrast, LYZ
assists in the intestinal epithelial barrier protection to
limit the invasion of the microbiota and contributes to
the immune cell response in mice to resolve mucosal
inflammation and to limit intestinal as well as systemic
inflammation [17].
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As both proteins play a substantial role in innate immu-
nity and in the inflammatory response of intestinal tissue,
we conducted the presented study evaluating the hypoth-
esis of increased levels of both, OLMF4 and LYZ, during
NEC in neonates.

Methods and patients

Clinical data

Intestinal tissues of seven patients with NEC were exam-
ined. Patients’ demographical data were collected ret-
rospectively by evaluation of medical reports of the
University Hospital Heidelberg. The study was approved
by the local Ethics Committee of the University of Hei-
delberg and the local Ethics Committee of the University
of Erlangen-Niirnberg and was in accordance with the
Helsinki declaration (1964) and its later amendments.
Gestational age was defined as time elapsed between
the first day of the last menstrual period and the day of
delivery. The resected intestinal tissues were exclusively
gained in cases with a clinical indication for surgery due
to NEC. Surgery was conducted in the acute state of the
disease and during massive deterioration in severe NEC
cases. In the cases of multiple surgery only sections of
intestinal tissue with acute NEC were stained. The sam-
ples included tissue sections from the periphery of the
active inflammatory lesions as well as the areas of necro-
sis or perforation and were immediately preserved in
formalin to allow exact histologic assessment. We used
intestinal tissue resected from patients with volvulus as
control tissue with similar gestational age.

Immunohistochemical analyses

The immunohistochemical staining of formalin-fixed
and paraffin-embedded serial intestinal sections of tissue
resected during NEC or volvulus were performed at the
Institute of Pathology, University Hospital Heidelberg,
Germany. The antigen retrieval was carried out with
citrate buffer pH6.1 (DAKO, Agilent, Waldbronn, Ger-
many). Anti-OLFM4 antibody ab188812 (abcam, Berlin,
Germany; rabbit polyclonal antibody against a synthetic
16 amino acid peptide of OLFM4) in a dilution of 1:100
and OLFM4 (D1E4M) XP® Rabbit mAb #14369 (Cell Sig-
nalling Technology, Frankfurt/Main, Germany; mono-
clonal antibody produced by immunizing animals with a
synthetic peptide corresponding to residues surrounding
Phe94 of human OLFM4 protein recognizing endoge-
nous levels of total OLFM4 protein) in a dilution of 1:200
was used. We used these two antibodies with different
targets to confirm OLFM4 expression with potentially
different length or potential modifications in neonatal
tissue, as data on intestinal OLFM4 in these patients are
still not available. LYZ was detected in intestinal tissue
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using Anti-LYZ antibody (BGN/06/961, ab36362, abcam,
Berlin, Germany) in a dilution of 1:100.

Staining-positive tissues were scored semi-quantita-
tively from O (no staining), 1 (weak staining), 2 (moderate
staining) to 3 (highly intense staining) and each section
was scored independently by two investigators (SD, HM).
The average score was taken for statistics.

Statistical analyses
Data were analyzed using the Mann-Whitney-U-test.
P-values <0.05 were regarded as statistically significant.

Results

Patients’ demographical data

The median birth weight of the seven infants with NEC
was 800g (range: 500-2940g) and the median gestational
age at birth was 26.0weeks (range: 23.3—37.4 weeks). Sur-
gery was done due to acute and high-staged NEC at a
median postnatal age of 12days (range: day 8—33 of life)
and a median corrected gestational age of 29.6weeks
(range: 24.4-39.1weeks). The 6 control infants with
volvulus showed a median birth weight of 688g (range:
360-1960g) and a median gestational age at birth of
24.5weeks (range: 22.7-33.9weeks). Surgeries due to
volvulus were conducted in an emergency setting at a
median day 43 of life (range: day 2-70 of life) and at a
median corrected gestational age of 33.6 (range: 24.2—
34.9weeks). Table 1 summarizes the patients’ demo-
graphic baseline data.

OLFM4 and LYZ expression during NEC

Both applied antibodies against OLFM4 showed partially
different staining patterns with higher staining intensity
of the antibody OLFM4 (D1E4M). High expression of
OLFM4 and LYZ was observed in the infants with NEC
(median score of the antibody OLFM4 (D1E4M): 3.0 and
LYZ: 3.0). Expression of OLFM4 and LYZ was higher
in patients with NEC in comparison to control infants
suffering from volvulus (median score of the antibody
OLFM4 (D1E4M): 1.25 and lysozyme: 2.0). The difference
in staining between infants with NEC and control infants
with volvulus was proven statistically significant (OLFM4
(D1E4M): p =0.033, LYZ: p =0.037; see Figs. 2 and 3;
Table 2). OLFM4 expression was observed in intestinal
epithelial cells as well as in immune cells (neutrophils,
macrophages) of the affected intestine in cases with NEC
that were present due to severe inflammation (Fig. 2).
The degree of inflammation correlated with the staining
intensity and a positive correlation between inflamma-
tion and staining intensity demonstrated by an increased
amount of stained intestinal epithelial as well as immune
cells was observed (Fig. 4). This increase in expression
in areas with high inflammatory reaction was seen in
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Table 1 Demographic data of participating patients

Diagnosis Birth weight [g] Gestational age at birth Postnatal day at Corrected gestational
[weeks] surgery [days] age at surgery [weeks]
1 NEC 500 233 8 244
2 NEC 1490 317 11 333
3 NEC 800 26.0 24 296
4 NEC 650 24.4 30 287
5 NEC 2940 374 12 39.1
6 NEC 1630 29.7 33 344
7 NEC 630 237 1A 253
8 Control with volvulus 570 22.7 12 244
9 Control with volvulus 1960 339 2 34.1
10 Control with volvulus 740 250 69 349
1 Control with volvulus 950 279 48 347
12 Control with volvulus 635 23.1 70 331
13 Control with volvulus 360 24.0 38 294

Abbreviations: NEC Necrotizing enterocolitis

OLFM4
(ab188812)
OLMF4
(D1E4M)
LYz

i
Fig. 2 Expre55|on ofOLFM4 and LYZ in NEC tissue. A-C NEC in a preterm infant (gestauonal age at blrth 26 weeks, birth Welght 800 g) OLFM4 was
highly expressed in the crypts (arrow in B) and in the intestinal epithelial cells (arrow in A) and in immune cells, dispersed in the whole intestinal
wall (A). LYZ was expressed in Paneth cells of the crypts (thin arrow in C) and in immune cells (e.g., macrophages, thick arrow in C). D-F NEC in a
preterm infant (gestational age at birth: 31 weeks; birth weight: 1490 g). Massive expression of OLFM4 and extensive OLFM4 and LYZ staining of
macrophages (arrows in E & F). G-1 Expression of OLFM4 and LYZ in immune cells during NEC. G OLFM4 positive immune cells attached to the
endothelial cells of a large vessel in the intestinal wall. H Neutrophils with expression of OLFM4 located in the intestinal wall. I LYZ-positive immune
cells in the intestinal wall migrated from vessels into intramural tissue

both, intestinal and colonic tissue. Furthermore, OLFM4
was detected within the mucus (Fig. 2A, B). Lysozyme
expression was also high in NEC manifestation. Immune
cells (neutrophils, macrophages) showed intensive LYZ

expression (Fig. 2C, I). Figure 2 illustrates the expression
of OLFMA4 (Fig. 2G, H) and LYZ (Fig. 2I) of neutrophils in
the vessels of inflamed tissue and points to the source of
staining-positive immune cells migrating from the vessel
into intramural tissue.
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OLFM4
(ab188812)

OLMF4
(D1E4M)

LYZ

b LOND A
Fig. 3 Expression of OLFM4 and LYZ in controls (intestinal tissue with vo
arrow in B) and in the intestinal epithelial cells (thick arrow in A). C Paneth cells at the base of a crypt showed expression of LYZ. Immune cells (e.g.,
neutrophils) also expressed LYZ (C), invading the crypts (thin arrow in C) after leaving the vessels (thick arrows in C)

Ivulus). A, B OLFM4 was clearly expressed in the crypts (thin arrow in A,

Discussion

We are presenting a study on the expression of OLFM4
and LYZ in neonatal patients with NEC, confirming the
hypothesis of elevated protein levels in intestinal tissue
of these patients. A pronounced expression of these pro-
teins could be observed in patients with NEC in depend-
ence of inflammation and necrosis.

Especially in NEC, immunological aspects play a cen-
tral role in current research, aiming at the improvement
of knowledge on inflammatory processes and the iden-
tification of potential new therapeutic targets. Recent
studies confirm a lack of knowledge in this field while
highlighting the interference of mechanisms of the innate
and the adaptive immune system with its deficiencies
in preterm and term neonates [18-20]. Both proteins,
OLFM4 and LYZ, are proven to be a part of the innate
immune system. However, associations of OFLM4 to
NEC have rarely been evaluated so far.

The role of OLFM4 in gastrointestinal diseases, such as
IBD and gastric or colorectal cancer, has been confirmed
in a plurality of publications [5], supporting its influence
as sepsis regulator and confirming its survival benefit. As
mentioned before, a cell protective role in the inflamed
mucosa of IBD patients could be seen, regulated via the
NF-kB pathway [7]. This was additionally seen in OLFM4
deficient mice with severe inflammation and prolifera-
tion in intestinal crypts of the small intestine and addi-
tional mucosal damage in the colon [9]. On the contrary,
a subset of neutrophils expressing OLFM4 has been
identified. Alder et al. confirmed an association of these
OLFM4 neutrophils with a worse outcome during sepsis
[14]. Moreover, Levinsky et al. observed that OLFM4 null
mice are protected from death during sepsis and showed
less intestinal barrier dysfunction, implicating that
OLFM4 might contribute essential pathogenic aspects
to the inflammatory process [21]. Furthermore, they
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Diagnosis OLFM4 staining (ab188812) OLFM4 staining (D1E4M) Lysozyme staining
1 NEC 1 (immune cells) 3 (immune cells) 3 (immune cells)
2 NEC 3 (immune cells) 3 (immune cells) 3 (immune cells)
3 NEC 3 (intestinal epithelial cells,immune cells) 3 (intestinal epithelial cells,immune cells) 2 (immune cells, a few crypts)
4 NEC 2.5 (intestinal epithelial cells, multiple 3 (intestinal epithelial cells, a few 3 (many crypts, a few immune cells)
immune cells) immune cells)
5 NEC 3 (immune cells, intestinal epithelial cells) 3 (immune cells, intestinal epithelial cells) 2.5 (immune cells and crypts)
6 NEC 2.5 (immune cells) 3 (immune cells) 3 (immune cells)
7 NEC 1.5 (immune cells) Adequate tissue was not available 0.5 (immune cells)
8 Control with volvulus 3 (immune cells, a few intestinal epithe- 3 (immune cells, a few intestinal epithe- 2 (immune cells, a few crypts)

9 Control with volvulus
10 Control with volvulus
11 Control with volvulus
12 Control with volvulus

13 Control with volvulus

lial cells in the crypts)
1 (immune cells)

0.5 (immune cells)
2.5 (immune cells)

2.5 (immune cells, intestinal epithelial
cells)

1.5 (immune cells, a few intestinal epithe-

lial cells in the crypts)

lial cells in the crypts)
0.5 (immune cells)
1 (immune cells)

3 (immune cells, intestinal epithelial cells)

1 (intestinal epithelial cells)

1.5 (immune cells, a few intestinal epithe-

lial cells in the crypts)

2 (immune cells)

0.5 (immune cells)

2.5 (immune cells)

2.0 (crypts, a few immune cells)

0.5 (crypts, immune cells)

Abbreviations: NEC Necrotizing enterocolitis, OLFM4 Olfactomedin 4
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\3/ 3
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T TR

Fig. 4 The degree of inflammation in correlation with the staining pattern and intensity. A-C demonstrate the periphery of active inflammation
and D-F show regions of massive inflammation and necrosis. Expression of OLFM4 and LYZ was higher and included more intestinal epithelial and
immune cells in regions with high inflammation and necrosis in comparison to regions in the periphery of active inflammation

described the central involvement of OLFM4-positive
neutrophils in the pathologic process leading to intestinal
damage and mortality after intestinal ischemia/reperfu-
sion injury. The authors hypothesized a potential mecha-
nism for this observation, in which activated neutrophils

next to the injury secrete OLFM4 into the environment
leading to enhanced iNOS production by macrophages
and injured tissue. This leads to an impaired intestinal
barrier [21]. We observed a moderate/high expression of
OLFM4 in affected intestinal tissue and in immune cells
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of inflammatory intestinal regions in cases of NEC and
are therefore able to support these observations. Taken
together, increased OLFM4 expression is necessary in
inflammation signaling pathways and has an essential
role in the innate immunity against bacterial invasion,
gastrointestinal inflammation, and in survival support
[8]. But in cases with overwhelming inflammation and
sepsis, OLFM4 switches from the cell-protective role to
its predominantly pro-inflammatory role. It then loses
its positive influence as sepsis regulator, leading to an
impaired intestinal barrier [21].

The two different antibodies against OLFM4 showed in
part different staining scores and this may have different
causes: One possibility includes the presence of differ-
ent OLFM protein variants as the antibodies had differ-
ent targets within the protein. Furthermore, potential
modifications might lead to changes at antibody binding
regions and might thereby influence the staining. How-
ever, this must be analyzed by further studies.

LYZ has been evaluated regarding its role in the patho-
genesis of NEC. Coutinho et al. confirmed an absence
of lysozyme in Paneth cells of NEC patients compared
to matched controls [22]. Furthermore, expression of
LYZ was observed in macrophages of the lamina pro-
pria. They hypothesized that the loss of Paneth cells
enhances infections by the impairment of the mucosal
barrier [22]. Further research by McElroy et al. sup-
ported this hypothesis: a decreased Paneth cell number
was observed in infants with surgically treated NEC com-
pared to age-matched controls with spontaneous intesti-
nal perforation [23]. The loss of Paneth cells in different
murine models resulted in a NEC-like pathology in the
small intestine of immature mice [24, 25]. Markasz et al.
contributed further to the pathophysiological mecha-
nism describing the absence of alpha-defensins in Paneth
cells as a central factor in the pathogenesis of NEC [26].
Our study contradicts the reduced LYZ expression, as
we observed an obvious expression of LYZ in NEC. This
expression includes additional cells aside Paneth cells in
regions of proximity to affected intestinal regions with
NEC. Schaart et al. described a weak expression of LYZ
in Paneth cells, but explained a possible cause for differ-
ent LYZ expression levels in NEC tissue: Paneth cells rap-
idly secreted lysozyme in response to epithelial injury to
prevent translocation of bacteria and it depends on the
timepoint whether low or elevated LYZ expression lev-
els were seen [27]. The absence of LYZ-positive Paneth
cells reported in studies (e.g. [22]) might therefore be
explained as a result of increased LYZ secretion [28].
Other studies described that Paneth cell antimicrobials
were increased in response to NEC [29, 30]. Puiman et al.
reported increased Paneth cell numbers and expression
of Paneth cell antimicrobials only during recovery from
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NEC ([28]. Despite the observation that antimicrobial
proteins were up-regulated in response to NEC, the pro-
tein expression levels are low and may be inadequate to
protect the immature gut from a bacterial invasion [30].
Surgical intervention within our study was early during
NEC progress and removed intestinal tissue which was
strongly affected or not vital during surgery. In these very
strongly affected regions during early NEC process, we
observed the up-regulation of OLFM4 and LYZ in intes-
tinal epithelial cells and immune cells. Intestinal sections
included tissue with higher distance to very strongly
affected regions showing low expression of OLFM4 in
different cells. Furthermore, the intestinal tissue far away
from the very strongly affected regions demonstrated a
LYZ expression in a decreased number of immune cells
as well as a LYZ expression restricted to Paneth cells
compared to affected regions. We assume that the differ-
ent surgical time-points and different grades of destroyed
and inflamed intestinal tissue may explain the contradic-
tory findings of the studies. LYZ is described in both, up-
and downregulation during inflammation. Even a certain
strengthening of the mucus barrier could be observed in
rat pups fed with LYZ after exposition to NEC-stressors
[31]. Unfortunately, this innate defense of LYZ was not
sufficient to protect the intestine.

Blood monocyte count is low in NEC and intestinal
inflammatory response is rich in macrophages. Further-
more, differentiation of monocytes into intestinal mac-
rophages and up-regulation of monocyte recruitment
genes were induced by NEC [32]. We observed extensive
OLEM4 and LYZ staining of macrophages in intestinal
tissue of infants with NEC. This emphasizes the antimi-
crobial function of OLFM4 and LYZ during NEC.

Conclusively, this may lead to the hypothesis of a pro-
tective role of LYZ and OLFM4 in the development of
NEC. High expression levels of both proteins may sup-
port the determination of intestinal inflammation as a
local disease. Consecutively, a complete bowel recovery
might be possible. Low expression levels, on the con-
trary, open the way to a systemic inflammatory response,
resulting in an irreversible bowel necrosis and sepsis
of affected children. In the case of OLFM4, the expres-
sion of OLFM4 is no longer beneficial in overwhelming
inflammatory processes. OLFM4 is then involved in the
destruction of the intestine. Clinical research is focus-
ing on the role of LYZ as a potential biomarker in feces
and blood of intestinal inflammatory diseases [33] and
its medical application, using the protein’s anti-inflam-
matory, anti-bacterial and immunomodulating effects in
gastroenterological diseases [34, 35].

Limitations of our study can especially be discussed
regarding the small samples size and regarding timing
of surgical resections. As mentioned above, different
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surgical time points might be responsible for differ-
ences of protein levels within the study, although all
infants were timely operated within a close time win-
dow. Different methods were evaluated to serve as con-
trols of intestinal tissue. Within the conception of the
study’s design, we carefully considered further options
of intestinal tissue as controls. As tissue of controls in
the same age was not achievable (e.g., from patients
with Hirschsprung’s disease of small bowel atresia)
via bio-databanks or healthy neonates, we studied
intestinal tissue from deceased neonates (for reasons
other than intestinal disease). However, the epithelial
structure was destroyed, and staining was not possi-
ble because of the extended time between death and
autopsy. We decided to use tissue from patients with
volvulus as control tissue, accepting that the possi-
ble inflammatory response in this second-best option
might impede the conclusion of our study. However,
we were able to compare protein levels in same-age
patients.

Conclusions

In conclusion, OLFM4 and LYZ were highly expressed
in intestinal and immune cells during NEC and were
associated with inflammation and necrosis. This may be
especially important to limit the intestinal inflammatory
progress. However, the exact mechanisms of OLFM4 and
LYZ function and their role in immunological responses
have not yet been resolved. These observations of an
observational research study add new insights as basis for
further large-scale population research and potential new
therapeutic targets such as daily supplementation of LYZ
(31, 36].

Abbreviations
IBD: Inflammatory bowel disease; LYZ : Lysozyme; NEC: Necrotizing enterocol-
itis; OLFM4: Olfactomedin 4.
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